Perceptual performance has been known to change around the time of saccadic eye movement. In the current study, we measured the accuracy and sensitivity of orientation discrimination of bar stimuli presented during fixation and before saccadic eye movements. Human participants compared the orientations of the test and reference bar stimuli with the head erect in a two-interval forced choice task. For the targets presented during steady fixation, the accuracy and sensitivity of orientation discrimination were better near the cardinal than oblique axes, a perceptual anisotropy known as the oblique effect. For the targets presented during the 100 ms interval immediately before a saccade was executed, the anisotropy decreased mainly due to reduction in sensitivity for cardinal orientations. Directing attention to the goal location of the impending saccade emulated the saccadic effects on orientation discrimination for the targets at saccadic goal, suggesting that the saccadic effects on orientation discrimination are partly mediated by the shift of spatial attention that accompanies the saccade. These results were in line with the anti-oblique effect that perceptual judgment of motion direction along the oblique angle becomes relatively accurate for motion targets presented before saccadic eye movements [Lee, J., & Lee, C. (2005) . Changes in visual motion perception before saccadic eye movements.
Introduction
Considerable evidence indicates that perception changes around the time of saccadic eye movements (Awater & Lappe, 2004; Burr, Morrone, & Ross, 1994; Cai, Pouget, Schlag-Rey, & Schlag, 1997; Dassonville, Schlag, & Schlag-Rey, 1992; Honda, 1991; Lee & Lee, 2005; Morrone, Ross, & Burr, 2005; Ross, Morrone, & Burr, 1997; Yarrow, Haggard, Heal, Brown, & Rothwell, 2001) . As each saccade shifts retinal image, it is natural that spatial aspects of perceptual change have received a particular attention in relation to maintenance of perceptual continuity. A notable example is spatial mislocalization in which a visual target briefly presented immediately before, during, or after a saccadic eye movement is systematically mislocalized (Ross, Morrone, Goldberg, & Burr, 2001; Schlag & Schlag-Rey, 2002) . While neural correlates of perceptual changes are not completely understood, modulation of neural activity around the time of a saccadic eye movement has been documented in various visual cortical areas including the primary visual cortex (Bakola, Gregoriou, Moschovakis, Raos, & Savaki, 2007; Krekelberg, Kubischik, Hoffmann, & Bremmer, 2003; Moeller, Kayser, & Konig, 2007; Nakamura & Colby, 2000; Noda, Freeman, & Creutzfeldt, 1972; Park & Lee, 2000; Rajkai et al., 2008; Super, van der Togt, Spekreijse, & Lamme, 2004) . The modulation of neural activity suggests that a wide range of perceptual aspects change around the time of saccadic eye movements.
In a previous study, we reported that judgment error for the direction of visual motion was larger for oblique than cardinal directions during fixation, but before a horizontal saccadic eye movement was executed, this oblique effect was absent for the most part and perceptual judgment of oblique directions became relatively accurate (Lee & Lee, 2005) . Preparation for saccades appeared to improve the accuracy of direction judgment for visual motion in the visual field ipsiversive to impending saccades. Since signals coding motion direction are related to the orientation mechanism (Geisler, 1999; Geisler, Albrecht, Crane, & Stern, 2001) , and the classic oblique effect consistently manifests itself in orientation discrimination (Westheimer & Beard, 1998) , we tested in the current study whether similar changes in orientation discrimination occur for the targets presented before saccades. Specifically, we derived from psychometric curves based on a two-interval forced choice task, discrimination accuracy and sensitivity for stimulus orientation during steady fixation and examined changes in discrimination performance when saccadic eye movements were made.
Methods

Subjects
Four subjects (aged 22-25) participated in the study. They had normal or corrected-to-normal vision with no known astigmatism. For each, the procedures and possible consequences of the experiments were explained, and informed consent to participate was obtained.
Apparatus
Visual stimuli were presented on a 24-in. flat CRT monitor (Sony GDM-W900) with the spatial resolution of 800 Â 600 pixels at the refresh rate of 100 Hz. The subjects, sitting with their head restrained with a bite bar and dental impression material, viewed the monitor with natural pupils at a distance of 60 cm. At this distance the monitor display spanned 44 Â 28 deg. The horizontal position of the right eye was monitored with an infra-red reflection method (IRIS, Skalar Medical) , sampled at 500 Hz with a 16-bit resolution, and stored for off-line analysis. The experiment was controlled by a computer program written in Matlab (The Mathworks) using psychophysics toolbox (Brainard, 1997; Pelli, 1997) . All experiments were carried out in a dark and sound-attenuated room. The background luminance of the monitor was measured 0.00 cd/m 2 .
Procedures
The performance of orientation discrimination was tested in six experimental conditions (Fig. 1 ).
Fixation condition
The fixation condition was used to establish the baseline performance of orientation discrimination during steady fixation. After a tone signaled the start of a trial, the fixation dot (red square, 0.25 Â 0.25 deg, 0.30 cd/m 2 ) appeared at the center of the screen, on which the subject was instructed to maintain fixation. With a delay of 1200 ms after the eye entered within a 4 Â 4 deg electronic window around the fixation target, the test stimulus bar, shown in green (10 Â 0.25 deg, 0.05 cd/m 2 ), of a variable orientation appeared for 50 ms with the center of the bar either at 10 deg to the left or right of the fixation target. After a delay of 1200 ms, the reference stimulus, shown in red (10 Â 0.25 deg, 0.05 cd/m 2 ), was presented centering at the same center location of the test stimulus. The delay duration was chosen to minimize the potential interference of the afterimage of the test stimulus left on the monitor and to maintain memory of the test stimulus. The luminance level of the test and reference stimuli was chosen to keep a proper detection level of each subject without a significant afterimage under the condition of dark adaptation. The use of color stimuli was to aid response protocol. Both luminance and iso-luminant stimuli are thought to produce similar orientation discrimination performance (Reisbeck & Gegenfurtner, 1998) . The orientation of the test stimulus was pseudo-randomly varied in steps of 22.5 deg between 0 deg and 157.5 deg, with 0 deg to the right and 90 deg to the top. The orientation of the reference stimulus was pseudo-randomly varied within ±6 deg from the orientation of the target stimulus with a step of 2 deg. All the test and reference stimuli were smoothed with a Gaussian filter to prevent an aliasing effect of a static line stimulus on a computer monitor. The subject was instructed to maintain fixation until the reference stimulus was presented. The subject's task was to judge whether the reference stimulus rotated clockwise (CW) or counterclockwise (CCW) with respect to the test stimulus by shifting a joystick to the right or left. The reference stimulus disappeared on the subject's response, and the next trial started with an inter-trial interval of 1.5 s.
In all experimental conditions, we turned on the overhead light between blocks each of which lasted about 5-7 min with more than 100 trials, to prevent potential contamination from dark adaptation. None of subjects reported that the display edge was visible during the experiment. To test further any residual effects of dark adaptation, we divided the trials of the fixation condition into the earlier and later groups within the each block, compared the two groups in terms of discrimination accuracy and sensitivity measures to be described below, and found no statistically significant differences in any case.
Saccade condition
This was the main experimental condition, and its purpose was to determine the accuracy and sensitivity of orientation discrimination for a static bar stimulus presented immediately before a saccade is made toward the stimulus location. All aspects of the saccade condition were the same as in the fixation condition except the procedures related to triggering a saccade. After a tone signaled the start of trial, the fixation dot appeared at the center of the screen. With a delay of 1200 ms after the eye entered within a 4 Â 4 deg electronic window around the fixation target, the fixation dot disappeared and a saccadic cue (an equilateral triangle pointing upward, 0.7 Â 1.3 deg, 0.25 cd/m 2 ) appeared for 50 ms centering either at 10 deg to the left or right of the fixation target. With a delay of 1000 ms after the saccadic cue disappeared, a tone with duration of 50 ms signaled the subject to make a saccadic eye movement to the remembered location of the saccadic cue as quickly and precisely as possible. The use of an auditory cue for triggering the saccade was to prevent a potential visual interference from the saccadic cue with discrimination performance. With a variable delay (90, 140 or 170 ms) after the tone onset, the test stimulus appeared for 50 ms in such a way that the center of the test stimulus was at the location of the center of saccadic cue. The temporal gap between the auditory cue and the test stimulus was chosen to bring the target stimulus near the saccade onset. For this, the saccade latency of the previous trial was taken into Fig. 1 . Six experimental conditions. Dotted square represents location of fixation window at the time of presentation of saccadic cue, test and reference stimuli. Main goal of the current study was to compare discrimination performance between fixation and ipsiversive saccade conditions. The spatial locations of test and reference stimuli were identical in both fixation and ipsiversive saccade conditions, but their retinal locations were not. R-fixation condition was a control for this and retinal locations of test and reference stimuli in this condition matched those of ipsiversive saccade condition. See text for details. account; if the saccade latency of the previous trial was less than 150 ms, between 150 and 300 ms, or larger than 300 ms, the gap chosen was 90, 140, or 170 ms, respectively. These parameters were empirically chosen to bring the timing of the test stimulus near saccade onset. After a delay of 1200 ms, the reference stimulus appeared and remained at the same location of the target stimulus until the subject responded.
Attention condition
The trial sequence of the attention condition was exactly the same as that for the saccade condition except that a downwardpointing triangle was presented at the location of the test stimulus in the attention condition. Thus, in the saccade condition, an upward-pointing triangle instructed the subject to make a saccade to it, and in attention condition, a downward-pointing triangle instructed not to make a saccade and to maintain initial fixation until the reference stimulus appeared. The saccade and attention trials were randomized in the same blocks of trials.
R-fixation condition
In the fixation condition, both the test and the reference stimuli were presented at the same location in the space (either at 10 deg to the left or right of the fixation target) while the subject maintained fixation within a central window. Thus, they agree in both retinal and spatial coordinates at presentation time. Subjects were free to move their eyes after the reference stimulus had been presented, thereby acquiring the reference stimulus with the central retina during response. In the saccade condition, the test and the reference stimuli were also in the same location in the space, either at À10 or +10 deg with respect to the center of the screen, but the reference stimulus was presented after a saccade was completed, and thus, at a retinal location different from that for the test stimulus. Thus, the retinal location of the reference stimulus was different at its presentation time, although its spatial location was the same, between the two conditions. In order to determine the effect of the retinal incongruity between the test and the reference stimuli at their presentation time, we examined the discrimination performance of two subjects in the condition where the test stimulus was presented at 10 deg to the left or right of the fixation target after the fixation target offset and then the reference stimulus was presented at the center of the screen while the eye remained within a window around the fixation target at the center of the screen. This matched the saccade condition in terms of the retinal locations of the test and reference stimuli at their presentation time. We will refer this condition as 'R-fixation' condition for 'fixation condition with retinal positions of the targets matched to those of the saccade condition'. Other aspects of the trial were exactly the same as those of the fixation condition described above.
Contraversive and orthogonal saccade conditions
In order to determine the effects of stimulus location with respect to an impending saccade, we tested two other saccade conditions: contraversive and orthogonal saccade conditions. In the contraversive saccade condition, as opposed to the (ipsiversive) saccade condition described above, the test stimulus was presented at the location contraversive to the impending saccade. For example, the saccadic cue appeared at 10 deg to the left guiding a leftward saccade and the test stimulus appeared at 10 deg to the right of the fixation target. The experimental procedures were the same as those of the above (ipsiversive) saccade condition except that the ipsiversive and contraversive saccade trials were randomized within a block of trials. The proportion of contraversive saccade trials increased from 20% to 80% as the subject became accustomed to the condition. Two subjects (aged 22-25, HE and TJ) participated in the experiment.
In the orthogonal saccade condition, the test stimulus was presented 10 deg above the fixation target while the saccadic cue appeared 10 deg to the left or right of the fixation target. In all conditions except orthogonal saccade condition, the retinal location of the test stimulus was either right or left to central fixation. As vertical eye movement was not stably monitored with the eye tracking system used, we presented the test stimulus above central fixation while horizontal saccades were elicited. The leftward and rightward saccade trials in the orthogonal saccade condition were randomized within the same blocks. In both contraversive and orthogonal saccade conditions, the reference stimulus was presented at the same spatial location as the test stimulus. The fixation trials ('orthogonal fixation' trials in Table 1 ) were run in separate blocks. In these blocks, the location of the test stimulus was 10 deg above the fixation. Except for the stimulus location, the procedures of the orthogonal saccade trials were the same as the (ipsiversive) saccade condition. Unless stated otherwise, we used the 'saccade condition' for ipsiversive saccade condition.
The aim of the current study was to differentiate discrimination performance between fixation and ipsiversive saccade conditions. Attention, R-fixation, contraversive and orthogonal saccade conditions were control conditions.
Data analysis
Invalid trials were discarded for off-line analyses. For saccade conditions, trials with unsteady fixation (drift or jitter) or multiple saccades toward the saccadic cue were excluded. We also discarded trials in which the interval between the target stimulus onset and the saccade onset was larger than 100 ms or smaller than 0. The presaccadic interval of 100 ms was chosen to detect the effect of saccades as previously noted (Honda, 1991; Lappe, Awater, & Krekelberg, 2000; Ross et al., 1997) . Fig. 2 shows an example of a valid trial from the ipsiversive saccade condition.
For each orientation of the test stimulus, the proportion of CW responses was plotted against the angular difference between the test and the reference stimuli. In addition, a psychometric curve was fitted with a cumulative Gaussian curve (Wichmann & Hill, 2001a) , from which we extracted two parameters for quantifying discrimination performance. The angular difference corresponding to the CW proportion of 0.5, or point of subjective equality (PSE), was taken as a discrimination bias reflecting judgment accuracy. The inverse of sigma of the fitted Gaussian was defined as discrimination sensitivity (Fig. 3) .
For estimating the variability of the sensitivity and PSE of the psychometric function, we applied a bootstrapping in which a Monte Carlo resampling technique was used to generate a large number of simulated repetitions of the original experiment. In the current study, 200 data sets were generated from the distribution assumed to approximate the true distribution underlying our data, with the maximum likelihood fit for approximation. Then, we obtained the standard errors of the sensitivity and PSE from the psychometric curves derived by the simulated data at each orientation (Wichmann & Hill, 2001b) .
Results
Orientation discrimination during fixation condition
The psychometric curves that were fitted with a cumulative Gaussian curve did not show a significant difference in goodness of fit across stimulus angle as judged by the sums of deviance from each curve (p > .16 for all conditions, Kruskalwallis non-parametric test). (Fig.  4 A) , confirming the classical oblique effect previously described (Appelle, 1972; Westheimer, 2003) . The standard deviation of the sigma was also smaller for cardinal than oblique test angles (p < .001, Mann-Whitney U test).
The PSE of psychometric curve reflects a bias in the perceived orientation of the test stimulus. Interestingly, there was an idiosyncratic pattern of PSE across target angles. In the fixation condition of the subjects HE and TJ, the PSE was negative for test angles around 45 deg (test stimulus perceived CW with respect to reference stimulus), and positive for test angles around 135 deg (test stimulus perceived CCW). This pattern could be described as repulsion from the vertical axis (or equally, attraction toward the horizontal axis). The PSE pattern of the subjects JA and SH was different from those of the subjects HE and TJ; the PSE was negative for test angles around 135 deg (test stimulus perceived CW, attraction toward the vertical axis), and near veridical for test angles around 45 deg. Overall, the absolute PSE for cardinal orientations of four subjects was near zero (mean = 0.43 deg), whereas that for oblique orientations was greater than zero (mean = 2.13 deg) (Fig. 4B ) and the two were significantly different (p < .05, Mann-Whitney U test).
Discrimination performance in ipsiversive saccade condition
The sigma of the fitted Gaussian of psychometric curve changed for a test stimulus presented before ipsiversive saccades, and the amount of changes varied depending on the stimulus orientation, and the pattern of change was variable across subjects (Fig. 5) . In the saccade conditions of the subjects HE, TJ, and SH, compared to the fixation condition, the sigma decreased for the test stimuli with oblique orientations. Accordingly, the difference in sigma between cardinal and oblique angles was reduced in the ipsiversive saccade condition. The subjects JA showed an irregular pattern of sigma change, but it may be seen that the inverted-W pattern of sigma in the fixation condition was lessened. Overall, reduction of sigma in saccade condition was greater for oblique than for cardinal angles (p < .01, Mann-Whitney U test). The difference in standard deviation of sigma between cardinal and oblique angles decreased but still remained significant in saccade condition (p < .01, Mann-Whitney U test). Fig. 6 summarizes the change in discrimination sensitivity in ipsiversive saccade condition. Similarly, the sensitivity ratio for oblique angles was greater than for cardinal angles (p < .05, Mann-Whitney U test). Like discrimination sensitivity, the PSE change in the ipsiversive saccade condition was also greater for oblique than for cardinal angles (Fig. 7) . The direction of PSE changes for oblique orientations was variable across subjects. In the subjects HE and TJ, the negative (positive) discrimination bias for angles around 45 deg (135 deg) in fixation condition (Fig. 4B ) decreased, and accordingly, the repulsion from the vertical axis in the fixation condition for oblique orientations was weakened in the saccade condition (Fig. 7B , also Fig. 7 A for a representative subject, HE). In the subjects JA and SH, the pattern of PSE change was different. The PSE change improved discrimination accuracy for test angles around 135 deg (negative PSE in Fig. 4B ) reducing 'repulsion from horizontal axis', but for test angles around 45 deg, discrimination accuracy worsened. Overall, the absolute PSE changes for oblique orientations were larger than those for cardinal orientations (p < .001, MannWhitney U test), suggesting that discrimination accuracy improved for oblique orientations in the ipsiversive saccade condition.
Control experiments 3.3.1. Role of attention in orientation discrimination
Given the apparent changes in orientation discrimination in the ipsiversive saccade condition, we wondered whether or not the execution of a saccade was necessary or if attention shift toward the location of the test stimulus was sufficient for the changes. In the attention trials, an attention cue (a downward triangle) was presented at the location of the impending test stimulus, while the subject was instructed to maintain fixation at the center (Fig.   1 ). Fig. 6 illustrates changes in orientation discrimination in the attention condition compared to the fixation condition. The patterns of changes in discrimination sensitivity (Fig. 8A) and PSE (Fig. 8B ) in the attention trials were mostly similar to the patterns of sensitivity changes (Fig. 6 ) and PSE changes (Fig. 7B ) in the ipsiversive saccade trials. The sensitivity ratio in attention trials was larger for oblique (45 deg, 135 deg) than for cardinal (0 deg, 90 deg) test angles (p < .05, Mann-Whitney U test), and the absolute PSE changes for oblique angles were larger than those for cardinal angles (p < .01, Mann-Whitney U test), The patterns of PSE change of each subject in the saccade and attention trials were similar.
In order to quantify the oblique effect, differential discrimination sensitivity between cardinal and oblique orientations, we derived the oblique index from (Soblique À Scardinal)/ (Soblique + Scardinal), where Scardinal and Soblique are the arithmetic mean sensitivity for the test stimuli with cardinal (0 deg and 180 deg) and oblique orientations (45 deg and 135 deg), respectively. The oblique index was variable across subjects and experimental conditions (Fig. 9) . The index was the highest in the fixation condition, the lowest in the saccade condition, and intermediate in attention condition. The difference in oblique index for three conditions were significant for all subjects (p < .0001, Kruskalwallis non-parametric test). These results indicated that the modulation of the oblique effect in the saccade condition can be produced by shifting attention toward the location of impending test stimulus.
The three trial types shown in Fig. 9 were not randomized within blocks. A similar pattern of data was confirmed in one subject (HE) in a control experiment in which the three trial types were randomized within blocks and the test and reference stimuli appeared in white to control any color-depth effect that use of red and green might have caused. The oblique indices for fixation, attention, and saccade conditions in this experiment were 0.51 (±0.028SE), 0.24 (±0.018), and 0.22(±0.016), respectively. . Ratio of discrimination sensitivity between saccade and fixation condition. Sensitivity was defined as 1/sigma. Each symbol marks the sensitivity ratio, sensitivity of saccade divided by sensitivity of fixation conditions for each test angle for each subject. Gray lines connect the geometric means of sensitivity ratio of four subjects.
Effects of spatial and retinal congruity of test and reference stimuli
In fixation, ipsiversive saccade, and attention conditions, the test and reference stimuli were presented at the same spatial location, either 10 deg to the left or right of initial fixation location. In the saccade condition, however, the reference stimulus was presented at the central retina after a saccade was made, whereas in the fixation and attention conditions it was presented at the eccentric retinal location same as the test stimulus had been presented. Presumably, depending on retinal congruity, differential processes of coordinate transformation would intervene before decision is reached. We wondered whether presenting reference stimulus about the central retina, not execution of saccade itself, was sufficient for modulating discrimination sensitivity. This possibility was tested for two subjects in a control experiment, R-fixation condition in which the retinal positions of the test and reference stimuli of the saccade condition were emulated (Fig. 1) . The sensitivity for cardinal (oblique) angles from R-fixation, fixation, and saccade conditions, was 0.51, 0.66, and 0.64 (0.14, 0.23, and 0.32) for subject SH, and 0.56, 0.84, and 0.81 (0.14, 0.24, and 0.33) for subject TJ, respectively. The oblique indices for R-fixation, fixation, and saccade conditions were 0.56, 0.49, and 0.34 for SH, and 0.60, 0.55 and 0.41 for TJ, respectively. Standard errors for all these numbers were less than 0.03. The difference in oblique index among three conditions was significant for each of two subjects (p < .01, Kruskalwallis non-parametric test with 80% bootstrapping). Thus, the discrimination sensitivity for oblique angles (45 deg, 135 deg) was the lowest in the R-fixation condition, and the oblique effect in the R-fixation condition was no smaller than the fixation condition. These results invalidated the possibility that the decrease in oblique effect in the ipsiversive saccade condition may be due to or overestimated by the reference stimulus being presented at the central retina thereby creating a retinal incongruity optimal for reducing the oblique effect. Regardless of whether the fixation or R-fixation condition is used as a baseline, the changes in discrimination sensitivity in the saccade condition were similarly larger for the oblique than for the cardinal orientations.
Effects of stimulus location with respect to impending saccade
Spatial congruity between the test and reference stimuli can be maintained at or out of saccadic goal. We tested in another control experiment for two subjects the effects of stimulus location with respect to the impending saccade direction on discrimination sensitivity. The effects of the stimulus location were examined by comparing the changes in discrimination sensitivity among ipsiversive, contraversive, and orthogonal saccade conditions. In all these conditions the locations of the test and reference stimuli were spatially congruent, but at different locations with respect to impending saccade direction. The discrimination sensitivity for cardinal test angles was reduced in all three saccade conditions for all tested subjects (solid lines of Fig. 10A-C, Table 1 ). This reduction in cardinal sensitivity was statistically significant (Table  1) , and contributed to reduction in the oblique effect (Fig. 10D-F) . The sensitivity for oblique test angles increased in the ipsiversive saccade condition, whereas it did not in the contraversive and orthogonal conditions (dotted lines of Fig. 10A-C, Table 1 ). Thus, although the reduction of oblique effect was common regardless of the target location with respect to impending saccade, the cause of this reduction appeared to be different depending on the target location. In the contraversive and orthogonal saccade conditions, the decreased sensitivity for cardinal angles appeared to be the main cause, whereas in the ipsiversive saccade condition, both the increased sensitivity for oblique angles and decreased sensitivity but to a less degree for cardinal angles were the cause of reduction in the oblique effect.
Discussion
Orientation discrimination in the fixation condition
Performance on a variety of visual tasks is better for horizontally or vertically oriented than for obliquely oriented stimuli, termed the oblique effect (Appelle, 1972) . The characteristics and origin of the oblique effect have been a focus of intensive studies using various methods such as psychophysics (Camisa, Blake, & Lema, 1977; Essock, DeFord, Hansen, & Sinai, 2003; Heeley, Buchanan-Smith, Cromwell, & Wright, 1997; Krukowski & Stone, 2005; Lipshits, Bengoetxea, Cheron, & McIntyre, 2005; Matthews, Rojewski, & Cox, 2005; McMahon & MacLeod, 2003; Meng & Qian, 2005; Mustillo, Francis, Oross, Fox, & Orban, 1988; Westheimer, 2003 Westheimer, , 2005 , neuroimaging (Dakin, Mareschal, & Bex, 2005; Furmanski & Engel, 2000; Liang, Shen, & Shou, 2007; Xu, Collins, Khaytin, Kaas, & Casagrande, 2006) , electrophysiology (Levick & Thibos, 1980; Li, Peterson, & Freeman, 2003; Sokol, Moskowitz, & Hansen, 1987) , modeling (Foster & Ward, 1991) Ipsiversive saccade trials (top row) were taken from the experiments in which they were randomized with the attention trials. A smaller number of ipsiversive saccade trials collected for two subjects from the blocks in which the ipsiversive trials were randomized with contraversive saccade trials, were not included for this figure. Inclusion of these ipsiversive saccade trials did not change the pattern. Note that in all saccade conditions, the sensitivity for cardinal angles (left panels) and the oblique index (right panels) decreased. In ipsiversive saccade condition, the sensitivity for oblique angles increased. The difference in sensitivity between cardinal and oblique test angles in each panel was statistically tested and summarized in Table 1 . Essock, 2004; Hansen, Essock, Zheng, & DeFord, 2003) . Using a twointerval forced choice task, we confirmed the oblique effect in the fixation condition: relatively poor discrimination sensitivity and accuracy (Fig. 4) for oblique compared to cardinal stimulus orientations. Interestingly, two PSE patterns could be distinguished. In the first pattern, the perceived orientation of oblique test angles was consistently repulsed away from the vertical axis, whereas in the second pattern, it was irregular, and the PSE of oblique orientations was repulsed away from the horizontal axis, if any. Repulsion from the vertical axis can be described as attraction toward the horizontal axis, but it is likely to be due to repulsive rather than attractive interaction between cardinal and oblique orientations since previous studies reported repulsive interactions in both perception and performance (Carpenter & Blakemore, 1973; Krukowski & Stone, 2005; Rauber & Treue, 1998) . It should be pointed out that the two PSE pattern of the fixation condition may not be a subject attribute, because the PSE pattern was different between the fixation and the R-fixation conditions within the same subject. For example, the subject TJ reported that the oblique orientations were repulsed away from the vertical axis in the fixation condition, whereas they were repulsed away from the horizontal axis in the R-fixation condition. This suggests the possibility that precise pattern of PSE may depend on strategic usage of reference axes used to register the test target orientation. The asymmetric pattern of PSE of the JA and SH (Fig. 4B ) can be explained by this possibility.
Changes in orientation discrimination in the saccade conditions
Interestingly, regardless of the PSE pattern, the discrimination performance for stimulus orientation changed in the saccade conditions, and this change depended on stimulus orientation and location with respect to saccadic goal. In the ipsiversive saccade condition, compared to the fixation condition, both the discrimination sensitivity and accuracy for oblique orientations increased (Figs. 6, 7, and 10 and Table 1 ). In contrast, the discrimination sensitivity for cardinal stimuli slightly decreased ( Fig. 10 and Table 1) , and this was primarily due to reduction of sensitivity for vertical orientation (Fig 6) . These changes resulted in reduction of the oblique effect (Figs. 9 and 10 ). This is in line with the anti-oblique effect that perceptual judgment of motion direction along the oblique angle becomes relatively accurate before saccadic eye movements (Lee & Lee, 2005) . The improvement of performance for oblique orientations was not observed when the stimulus presented at locations other than saccadic goal (contraversive and orthogonal saccade conditions), although only two subjects were tested in these conditions.
The changes in performance can be interpreted with two components of saccadic influence on orientation discrimination. The first, spatially non-selective, component contributed to reduction in discrimination sensitivity for both cardinal and oblique orientations in association with saccade execution regardless of spatial location of the test stimulus with respect to saccadic goal. The second, spatially selective, component contributed to change in discrimination sensitivity for both cardinal and oblique stimuli at saccadic goal, but not at other tested locations, presumably mediated by the processes related to spatial attention. Thus, we hypothesize that in the contraversive and orthogonal saccade conditions, only the spatially non-selective component manifests itself, whereas in the attention condition, only the spatially selective component does. In the ipsiversive saccade condition, both spatially selective and non-selective components are hypothesized to contribute to discrimination. In this scheme, it is assumed that the sensitivity for oblique orientations in the fixation condition is near its lower limit and that for cardinal orientations is near its upper limit. Thus, reduction in sensitivity by the spatially non-selective component in the contraversive and orthogonal conditions is greater for cardinal orientations than for oblique orientations, reducing the oblique effect (Table 1 and Fig. 10 ). And similarly, change in sensitivity by the spatially selective component in the attention condition is not so pronounced for cardinal orientations as for oblique orientations, also reducing the oblique effect. In the ipsiversive saccade condition, these two components sum, and for cardinal orientations, the decrease in sensitivity by spatially non-selective component overpower the change in sensitivity by spatially selective component to result in a net decrease in sensitivity, and for oblique orientations, the increase in sensitivity by spatially selective component overpower the change in sensitivity by spatially non-selective component to result in a net increase in sensitivity (Table 1 and Fig. 10 ). This scheme of two components is supported by a greater reduction in the oblique effect in the ipsiversive saccade condition than in attention condition (Fig. 9) .
Orientation discrimination of a peripheral stimulus similarly changed when the location was cued regardless of whether the movement was actually carried out (saccade condition) or not (attention condition), although the change was greater in the saccade condition than in the attention condition as described above (Fig. 9) . Thus, much of the saccadic effects on orientation discrimination appear to be shared by directing visuospatial attention toward the stimulus location, consistent previous studies (Carrasco, Penpeci-Talgar, & Eckstein, 2000; Hoffman & Subramaniam, 1995; Kowler, Anderson, Dosher, & Blaser, 1995) . Planning a saccade and shifting spatial attention are known to share common neural mechanisms. For example, subthreshold stimulation of the frontal eye field (Armstrong, Fitzgerald, & Moore, 2006; Armstrong & Moore, 2007; Moore & Fallah,2001 or the superior colliculus (Cavanaugh & Wurtz, 2004; Muller, Philiastides, & Newsome, 2005) from which a saccadic eye movement is evoked at suprathreshold stimulation enhances visual cortical response discriminability or performance of the spatial attention task for objects at the location retinotopically corresponding to the stimulation site (but see, (Thompson, Biscoe, & Sato, 2005) . A similar reduction in the oblique effect in the ipsiversive saccade and attention conditions, and different patterns of sensitivity change between ipsiversive and contraversive or orthogonal saccade conditions are consistent with the idea of the shift of spatial attention in the process of saccade generation.
It has been known that the visual responses in the areas of the primate V1 and V4 are enhanced at the site of covert attention (Armstrong et al., 2006; McAdams & Maunsell, 1999) . A study, based on multi-unit recording from the V1 of the behaving monkey, reported a difference in the neural activity between the fixation and saccade conditions and a lower selectivity for stimulus orientation before saccades (Wachtler, Wittenberg, Teichert, Eckhorn, & Bremmer, 2006) . However, it is not known whether these changes vary with the stimulus meridian.
During the two-interval forced choice task of the current study, the test orientation is thought to be stored as a visual memory and retrieved for comparison with the reference orientation (Foster & Kahn, 1985) . Depending on retinal and spatial congruity of the test and the reference stimuli, the decision process is likely to undergo a variable degree of coordinate transformation. In all experimental conditions of the fixation, R-fixation, saccade, and attention, the test stimulus was presented at the same location in the periphery. However, the location of the reference stimulus varied across the experimental conditions in terms of retinal and spatial coordinates (Fig. 1) . Although only two subjects were tested, the lower sensitivity for both cardinal and oblique angles in the R-fixation condition compared to the fixation or saccade condition suggests that discrimination sensitivity is better for spatially congruous test and reference stimuli, regardless of the intervening saccade. This, combined with the difference in sensitivity between the saccade and R-fixation conditions in which stimuli were congruous in retinal locations, and with the similarity in sensitivity between the saccade and attention conditions suggests that orientation discrimination is robust in a spatial coordinate regardless of occurrence of saccade and retinal congruity, as long as attention is directed to the target, perhaps an optimal property for active vision.
It has been reported that a briefly presented visual target is mislocalized at saccades, and mislocalization pattern consists of spatial shift in saccade direction and compression toward the saccadic goal (Awater & Lappe, 2004; Kaiser & Lappe, 2004; Ostendorf, Fischer, Finke, & Ploner, 2007) . Can spatial shift, compression, or both in perisaccadic localization explain the changes in orientation discrimination? Sensitivity for detecting Glass patterns around the time of horizontal saccades changed in a manner consistent with perisaccadic spatial compression; sensitivity to horizontal Glass patterns slightly improved, while sensitivity to vertical patterns was impaired (Santoro, Burr, & Morrone, 2002) . Interestingly, this pattern is not incompatible to sensitivity change for horizontal and vertical orientations in the ipsiversive, horizontal, saccade (Fig.  6 ) and attention conditions (Fig. 8A) . Attraction toward the vertical axis in the saccade condition of the subjects HE and TJ (Fig. 7 ) may be compatible with spatial mislocalization with an assumption of a greater compression toward saccadic goal along the horizontal than vertical axes before horizontal saccades. However, idiosyncratic pattern of PSE change (Fig. 7B ) requires more assumptions to be compatible with systematic changes of spatial mislocalization. Thus, we conclude that emulated orientations constructed with a uniform shift or compression of individual loci along the test stimuli do not correspond to perceived orientations in the saccade condition. A similar conclusion was reached in earlier studies; the pattern of changes in perceived direction of perisaccadic visual motion was independent of perisaccadic spatial mislocalization (Cho & Lee, 2003; Lee & Lee, 2005) .
Origin of the oblique effect
The oblique effect in the fixation condition may arise from a variety of reasons including optical astigmatism. Although none of our subjects showed noticeable astigmatism as judged with a normal optical test, and we used a long bar (10 deg) potentially compensating for any local meridional inhomogeneity in the retina, we cannot completely exclude the peripheral origin of the oblique effect in the fixation condition. However, the origin of the modulation of the oblique effect in the saccade and attention conditions is central. Since we presented the stimulus while the eye stayed still in the saccade condition, the optical distortion during a saccade, such as transient torsion (Straumann, Zee, Solomon, Lasker, & Roberts, 1995) or lens motion (Deubel & Bridgeman, 1995) , was unlikely to cause the oblique effect and its change before saccades. The central origin is consistent with preceding literature on the oblique effect (see Section 4.1).
The aforementioned scheme of spatially selective and nonselective components associated with saccadic influence on orientation discrimination assumes parallel processing of cardinal and oblique orientations with independent limits of discrimination sensitivity limits. However, other explanations are also possible. Starting from an initial anisotropic state provided by unequal distribution in the number of cortical cells tuned for each meridian (Armstrong et al., 2006; Li et al., 2003; McAdams & Maunsell, 1999; Samonds, Allison, Brown, & Bonds, 2004) , the oblique effect may dynamically develop (Matthews et al., 2005) through interactive processes among different orientations. Perhaps processes related to saccade generation interfere with this development, and the remaining oblique effect in the saccade condition may reflect the initial anisotropy. In this scheme, planning a saccade or directing visuospatial attention relaxes the cortical processing responsible for evolution of the oblique effect. It is interesting to note that a direct GABA injection into area 21 of the cat visual cortex substantially reduced the neuronal oblique effect of area 17 as revealed by an optical recording (Liang et al., 2007) , supporting the idea that intracortical interaction facilitates development of the oblique effect.
Under some experimental conditions, the oblique effect disappears or even reverses. Unlike noise-free orientation stimuli in an isolated condition, complex stimuli with visual noise or natural scenes reveal the reverse oblique effect; structures at the oblique orientations are detected better than those at horizontal or vertical orientation Foster & Westland, 1998; Hansen & Essock, 2004 Wilson, Loffler, Wilkinson, & Thistlethwaite, 2001) . Oblique stimuli were as powerful or more powerful than cardinal stimuli in producing adaptation effects or tilt aftereffect (McMahon & MacLeod, 2003) . Along with the results obtained in the current study, these studies undermine for the origin of the oblique effect the structural anisotropy such as unequal distribution of neurons tuned for different meridians. Natural scene, compared to blank background, influences the attention effect on the receptive field of higher visual cortex; attention effect is reduced with natural image condition (Rolls, Aggelopoulos, & Zheng, 2003) . It remains to be seen whether saccade or attention-related modulation of the oblique effect found in the current study is maintained for stimuli consisting of image noise mimicking natural scenes.
